V
iruses are obligatory intracellular parasites that are simple in structure and composition, but engage in multiple and complex interactions with their host. All viruses contain a nucleic acid genome encased in a protein shell, the capsid. Although the capsid represents the outermost structure of naked viruses, it is surrounded by a host cell-derived membrane, in the case of enveloped viruses. Virus replication occurs exclusively inside the respective host cell. Accordingly, viruses have to cross the host cell boundary at least twice during their replication cycle, for entry and exit. In enveloped viruses, this occurs by fusion of the incoming virus with, and budding of the nascent virus through a cellular membrane. Entry of naked viruses requires transient disturbance of a cellular (mostly endosomal) membrane to transfer the viral genome into the cytoplasm, but this disturbance must not compromise cell viability to ensure for successful viral replication (reviewed in Tsai 2007) . The entry mechanisms of naked viruses are not well understood at present, but were shown to involve membrane insertion of amphipathic capsid domains ( picornaviruses) (Fricks and Hogle 1990; Hogle 2002) , a phospholipase activity of the viral capsid ( parvoviruses) (Zadori et al. 2001; Farr et al. 2005) , retrograde transfer through the translocon at the endoplasmic reticulum (ER) (polyomaviruses) (Tsai et al. 2003; Magnuson et al. 2005; Schelhaas et al. 2007; Tsai 2007; Qian et al. 2009; Tsai and Qian 2010) , lytic activity of a capsid protein inducing positive membrane curvature (adenoviruses) , or membrane pore formation by a myristoylated protein (reoviruses) (Liemann et al. 2002; Zhang et al. 2009 ). Naked viruses generally exit the infected cell by membrane disruption through cell lysis, but transient envelopment followed by exit through the secretory route has been described for rotaviruses (Cuadras et al. 2006) .
The genomes of most DNA and of some RNA viruses have to enter the nucleus for replication. Nuclear entry may be facilitated by disruption of the nuclear envelope during mitosis (in the case of most retroviruses with the exception of lentiviruses), but mostly depends on karyophilic properties of viral structural proteins or on the association of viral components with nuclear import factors and subsequent transport through the nuclear pore complex. Nuclear exit of viral components ( proteins and nucleic acids) generally also occurs through the nuclear pore, with the notable exception of herpesvirus capsids, which assemble in the nucleus and exit by consecutive envelopment and deenvelopment at the inner and outer nuclear membrane, followed by secondary envelopment in the cytoplasm to yield the complete virion (Mettenleiter et al. 2009 ).
The finding that lipid interactions, including membrane envelopment, membrane fusion, and membrane remodeling are crucial for successful replication of many viruses triggered studies on compounds that either affect lipid biosynthesis or bind and extract specific lipids regarding their effects on viral replication. Compounds affecting cholesterol (e.g., b-cyclodextrin, amphotericin B methyl ester, statins) or sphingolipids (e.g., L-cycloserine, Lysenin) (reviewed in Chan et al. 2010; Waheed and Freed 2010) , as well as plant-derived compounds (Verma et al. 2009 ) and synthetic compounds which emulate natural lipids (M Lorizate and H-G Kräusslich, unpub. data) , were shown to interfere with viral infectivity at different stages of virus replication. Their applicability as antiviral compounds will depend on achieving specificity for the viral membrane or pathway, however, which may be difficult for abundant cellular lipids.
In the following, we discuss viral interactions with cellular membranes important for virus entry, cytoplasmic genome replication, and virus egress.
VIRUS ENTRY
Viral infection of animal cells requires transfer of the viral genome into the host cell cytoplasm, either at the plasma membrane or at the endomembrane system. For enveloped viruses, transfer is achieved by fusion of the viral and cellular membranes, whereas naked viruses need to transiently destabilize the target membrane without compromising its overall integrity. Virus entry is a stochastic event, but not a passive process. Productive entry and downstream events rely on normal cellular processes, including endocytosis (clathrin-mediated, clathrin-independent pathway, raft-dependent pathways, and macropinocytosis), vesicular trafficking, and membrane fusion (Fig. 1) . Virus entry and post entry stages have been the subject of several excellent recent reviews (Smith and Helenius 2004; Sieczkarski and Whittaker 2005; Marsh and Helenius 2006; Tsai 2007; Weissenhorn et al. 2007; Harrison 2008; Haywood 2010; Kielian et al. 2010; Mercer et al. 2010; Schelhaas 2010) and will therefore only be briefly summarized here.
Virus entry is specific for susceptible host cells and depends on viral surface proteins and host cell receptors. Most cellular receptors are surface proteins of various functions, but sugars (i.e., sialic acid for influenza virus) and lipids can also function as receptors. Examples for the latter are gangliosides which serve as receptors for members of the polyomavirus family (Smith et al. 2003; Tsai et al. 2003; Low et al. 2006; Sapp and Day 2009; Ewers et al. 2010; Tsai and Qian 2010) and phosphatidylserine which can be used by vesicular stomatitis virus (VSV) (Carneiro et al. 2002 (Carneiro et al. , 2006 . Virus entry may also be enhanced by nonspecific binding, thus increasing viral residence times at the cell surface. This is commonly achieved by glycosaminoglycans (e.g., heparan sulfate), which promote cell attachment of many different viruses by ionic interactions (Spillmann 2001; Liu and Thorp 2002) . Several glycosphingolipids may have a similar function for human immunodeficiency virus (HIV) attachment in certain cell types. Fusion commonly does not occur at the site of initial attachment, but after further trafficking either on the cell surface or through the endosomal pathway. Virus particles attached to cell filopodia can reach the cell body by an actomyosin-dependent "surfing" process, initially discovered for retroviruses, but later also observed for other virus groups (reviewed in Sattentau 2008; Mothes et al. 2010 ). In the case of coxsackievirus entry into epithelial cells, the virus first attaches to the GPI-anchored protein decay-accelerating factor with subsequent Abl-and Rac-dependent actin rearrangements leading to virus movement on the cell surface to tight junctions, where it meets its actual entry receptor (coxsackie-adenovirus receptor [CAR] ) (Coyne and Bergelson 2006) . The tight junction complex also seems to be important for hepatitus C virus (HCV) entry which requires four different cell surface molecules: CD81, scavenger receptor B, and the tight junction proteins claudin and occludin (reviewed in Ploss and Rice 2009).
Intuitively, direct fusion of the cell surface attached virus with the plasma membrane would appear to be the most likely pathway for entry. On the contrary, however, most viruses enter cells through the endosomal route. This has several advantages: (1) all virion components are completely removed from the cell surface, hiding them from the immune system; (2) endosomal transport carries the virus across the cortical actin, thus overcoming a barrier and delivering the genome deeply into the cytosol; (3) endosomal acidification can serve as a cue for conformational changes of viral surface proteins thus triggering the fusion process at the desired stage. All viruses requiring low pH for fusion traffic through the endosomal route, whereas pH-independent viruses can fuse either at the cell surface or from the endosome. Accordingly, these viruses induce syncytia between infected and noninfected cells confirming their capacity for plasma membrane fusion. Nevertheless, exclusive plasma membrane fusion appears to occur rarely-if at all-and even those viruses that can fuse at the plasma membrane appear to commonly take an endosomal route (Permanyer et al. 2010 ). This can be host cell dependent as shown for herpesviruses (reviewed in Heldwein and Krummenacher 2008; Akhtar and Shukla 2009) , and it is conceivable that the density and motility of cell surface receptors and the kinetics of endocytosis determine where the virus fuses in such cases. Furthermore, virus attachment to cell surface receptors commonly activates signaling pathways that may trigger surface trafficking of cell-bound particles, virion endocytosis, and downstream processes (Greber 2002; Coyne and Bergelson 2006; Coyne et al. 2007 ).
Many viruses rely on lipid rafts for entry. For instance, several nonenveloped viruses exploit raft-dependent entry pathways requiring Figure 1 . Pathways of viral entry. Viruses achieve host cell entry in two principal ways: by direct fusion at the plasma membrane or following an endocytic pathway. The major endocytic pathways operating in mammalian cells that are exploited by viruses are clathrin-mediated endocytosis (CME), lipid raft pathway, clathrinindependent pathways, macropinocytosis, and phagocytosis.
cholesterol. These viruses associate with detergent-resistant membranes at the plasma membrane and with liquid ordered (l o ) phases in giant unilamellar vesicles (Ewers et al. 2010) . Lipid rafts also play a role in enveloped virus entry as can be inferred from the usage of raft-associated viral receptors (i.e., GPI-anchored or raft-associated trans-membrane receptors) and the dependency of entry on raft integrity and cholesterol (Chan et al. 2010 ). Ceramides inhibit virus entry, probably by self-segregating into ceramide-rich microdomains (Cremesti et al. 2002 ) that laterally segregate cholesterol from raft domains (Megha and London 2004) . This membrane rearrangement could lead to the dispersion of surface receptors, reducing the possibility of effective virus -host interaction (Cremesti et al. 2002; Finnegan et al. 2004; Megha and London 2004) .
Membrane Fusion
Viral membrane fusion is mechanistically similar to SNARE-mediated cellular vesicle fusion processes (Frolov et al. 2011) , except that the entire fusion machinery is provided by the virus and thus resides on a single membrane. Furthermore, viral envelopes have not been shown to redistribute lipids between leaflets and are metabolically inert using only the energy released by conformational changes of virion proteins. Viral fusion proteins are classified into three distinct classes (class I, II, and III), which differ in oligomeric state and structure, but follow a mechanistically similar reaction cascade (Weissenhorn et al. 2007; Harrison 2008; Backovic and Jardetzky 2009; Kielian et al. 2010) . Fusion is activated by specific triggers like low pH or the engagement of a cellular coreceptor, leading to large structural rearrangements in the viral fusion protein and exposure of a hydrophobic peptide, loop, or patch (the so-called fusion peptide).
Virus membranes have a strong positive curvature relative to the host cell membrane. After attachment and triggering, the fusion peptide inserts into the target membrane, and virus-cell fusion proceeds through formation of a transient lipid stalk (Fig. 2) , where the outer leaflets of the viral and cellular membranes are already mixed, while the inner leaflets are still separated. This so-called hemifusion intermediate is characterized by the transition from strong positive to strong negative curvature. The energy for this unfavorable conversion is provided by the conformational rearrangements of the viral glycoproteins with membrane distortion by the two membrane-inserted segments (trans-membrane domain and fusion peptide) lowering the energy barrier. Subsequently, the inner leaflets merge, and the hemifusion stalk opens to form the fusion pore. Finally, the pore becomes stable and expands leading to complete fusion, which requires overcoming an additional energetic hurdle (Chernomordik and Kozlov 2005) . This is mediated by refolding of the fusion protein into a rigid rod-like conformation comprising a six-helix bundle with the two membraneinteracting regions of the protein located at the same end of the rod. The energy barrier to overcome the hemifusion stalk is 40 -50 Kcal/mol, corresponding to the free energy released by the collapse of one or two fusion protein trimers (Danieli et al. 1996; Kuzmin et al. 2001; Chernomordik et al. 2006; Yang et al. 2006; Harrison 2008 ). It appears likely, however, that multiple trimers are required for productive viral membrane fusion.
According to the described mechanism, viral fusion proteins generally carry a hydrophobic fusion peptide and two amphipathic helical regions. Besides these, a membrane proximal external region (MPER) (Salzwedel et al. 1999) of the fusion protein can also be involved in the fusion process, possibly destabilizing the viral membrane (Saez-Cirion et al. 2002; Buzon et al. 2010 ) by partitioning into the membrane interface (reviewed in Shai 2001; Nieva and Agirre 2003; Lorizate et al. 2008) .
Fusion Inhibitors and Role of Lipids
Entry of many viruses involves lipid rafts, where viral receptors and/or coreceptors are often localized, but lipids also play more direct roles in viral entry. Cholesterol and sphingolipids are both required for alphavirus fusion, whereas lipid rafts appear dispensable (reviewed in Kielian et al. 2010 ). The molecular shape of membrane lipids strongly influences virus-cell fusion and may even be exploited for the design of antiviral compounds. Cylindrical lipids, with hydrophobic tails and hydrophilic heads of similar cross section, are likely to form lamellar bilayers lacking curvature. Insertion of coneshaped lipids with larger hydrophobic tails favors negative curvature, whereas insertion of inverted cone-shaped lipids with larger hydrophilic heads favors positive curvature. Accordingly, the outer leaflets of viral envelopes are often enriched in glycolipids with relatively large hydrophilic heads. Viral membrane fusion and infectivity can be modulated by inserting curvature-affecting lipids into the viral or cellular membrane. The presence of cone-shaped lipids like phosphatidylethanolamine (PE) or diacylglycerol (DAG) in the outer leaflet promotes hemifusion, whereas inducing positive curvature inhibits stalk formation and consequently membrane fusion. This has been shown for lysophospholipids and lysophosphoglycans with hydrophilic heads of much larger diameter than their hydrophobic tails, which act as near-universal fusion inhibitors (Chernomordik et al. 1995) . However, these molecules are often cytotoxic or rapidly degraded, preventing their application as antivirals. Recently, synthetic and nontoxic rigid amphipathic fusion inhibitors (RAFIs) were designed on the basic principle of inverted cone-shaped lipids (St Vincent et al. 2010) . These compounds insert into the viral membrane and promote positive curvature, thus increasing the energy barrier for fusion. RAFIs were shown to inhibit fusion of several unrelated enveloped viruses at nanomolar concentration, while being nontoxic and inactive against nonenveloped viruses. A similar principle may also apply to another recently reported, but chemically unrelated compound, LJ001, which inhibits fusion of several unrelated enveloped viruses as well (Wolf et al. 2010) . Such molecules are attractive candidates for broad-spectrum antivirals against a wide variety of enveloped viruses.
Viral membrane fusion may also be inhibited by targeting the fusion machinery. T-20, a peptide derived from the carboxy-terminal heptad repeat region of the HIV fusion protein, is clinically used to treat HIV/AIDS patients, and is the first approved entry inhibitor (Kilby 
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and Eron 2003). It functions by competitively binding the amino-terminal heptad repeat and thus preventing six-helix-bundle formation (Fig. 2B ). This principle also applies to other viruses, and related fusion inhibitors have been designed from their respective sequences. Small molecules dominantly competing with the fusogenic gp41 helical sequences for binding to hydrophobic grooves transiently exposed at the ectodomain surface have also been described as HIV fusion inhibitors (Doms and Moore 2000; Eckert and Kim 2001; Frey et al. 2006) . A naturally produced blood plasma oligopeptide called VIRIP (virus-inhibitory peptide) is capable of blocking HIV-1 infection by targeting the fusion protein as well (Münch et al. 2007) , and oligopeptides that target or are derived from the fusion protein sequence have been shown to inhibit cell-cell syncytia formation (Owens et al. 1990; Kliger et al. 1997; Gomara et al. 2006 ).
ROLE OF MEMBRANES IN VIRUS REPLICATION
Interaction with and alteration of cellular membranes plays an important role in genome replication of many viruses (Miller and KrijnseLocker 2008) . Poxviruses (e.g., Vaccinia virus) generate a transient membrane-shielded replication factory by rearranging ER-derived vesicles around viral replication sites to form a structure resembling a cytoplasmic "mininucleus" (Tolonen et al. 2001) . Positive-strand RNA viruses induce formation of a large number of cytoplasmic vesicles (Salonen et al. 2005) , specialized sites for genome replication. The vesicular membranes are in most cases ER-derived (flaviviruses, picornaviruses, SARScoronavirus), but may also originate from endosomes/lysosomes (togaviruses) or mitochondria (nodaviruses) (Miller and KrijnseLocker 2008) , and can be embedded in extended membrane networks or membranous webs (Egger et al. 2002; Knoops et al. 2008; Welsch et al. 2009; Hsu et al. 2010) . Recent analyses indicated that replication vesicles in Semliki Forest virus (SFV)-infected cells originate from the plasma membrane and undergo long distance endosomal transport on microtubules which is dependent on actomyosin and phosphatidyl inositol-3-kinase (PI3K) (Spuul et al. 2010) . The induction of such novel cytoplasmic membrane compartments by virus infection has been suggested to (1) increase the local concentration of components required for replication; (2) provide a scaffold for anchoring the replication complex; (3) confine the process of RNA replication to a specific cytoplasmic location; (4) prevent the activation of host defense mechanisms by sequestering the replication complexes; and (5) link virus replication and assembly. Induction of the vesicular networks involves rearrangement of existing cellular membranes by viral proteins but probably also de novo synthesis of lipids. HCV infection has been reported to cause a protein kinase B dependent inactivation of the cellular AMP-activated protein kinase (AMPK), which is required for formation of the HCV-induced membranous web. Accordingly, HCV replication could be blocked by restoring AMPK-activity (Mankouri et al. 2010) . Recent analysis of host factors required for Dengue virus (DENV) replication showed that fatty acid synthetase is recruited to viral replication sites through the viral NS3 protein. This led to an increase in the rate of fatty acid biosynthesis in DENV-infected cells with de novo synthesized lipids preferentially cofractionating with the viral genome (Heaton et al. 2010 ). It appears likely that a similar increase in lipid biosynthesis will be found for other viruses employing membranous replication factories. Three-dimensional analysis of the architecture of DENV replication sites revealed a membrane network with replication vesicles that have cytosolic pores for genome exit in close proximity with virus assembly and budding sites (Welsch et al. 2009 ). These results suggest an intricate coupling of plusstrand RNAvirus genome replication and virion morphogenesis at virus-induced membrane networks, and similar structures have been observed or are predicted for other replication sites.
Viral factors inducing membrane networks required for RNA replication are sometimes membrane-spanning proteins (e.g., NS4B of HCV or NS4A of DENV), although many are soluble proteins, whose mechanism of action is currently unknown. A recent study revealed that picornavirus 3A, a small tail-anchored membrane protein, remodels the host cell secretory pathway to generate a replication compartment with unique lipid and protein composition (Hsu et al. 2010) . This is achieved by 3A interacting with the small Ras family GTPase Arf1 and its guanine nucleotide exchange factor GBF1, which specifically promotes phosphatidyl inositol-4-kinase IIIb (PI4KIIIb) localization to the compartment, while the closely related isoform PI4KIIIa is not recruited. The 3A containing membranes are also reduced in COP-I binding, causing a defect in their anterograde membrane trafficking. Recruitment of PI4KIIIb increased the concentration of the phosphoinositide PI4P in the membrane of the virus-induced compartment fivefold thus facilitating membrane binding of the soluble viral RNA polymerase 3D, which specifically interacts with PI4P (Hsu et al. 2010) . The viral 3D enzyme does not contain a known PI4P-binding motif and elucidating its binding mode may lead to discovery of similar interactions in other viruses. Conceivably, 3D enzymatic activity may even be stimulated by PI4P binding, thus coupling the formation of the replication compartment not only with recruitment of the replication machinery, but also with induction of its activity.
PI4KIIIb has been suggested to play a similar role in HCV replication, which also appears to make use of a PI4P-rich lipid environment for its replication (Hsu et al. 2010) . A role of PI4KIIIb was not confirmed in several recent siRNA screens for host factors of HCV replication, however, and this difference has been attributed to HCV strain variation (Reiss et al. 2011) . A more robust phenotype was observed for PI4KIIIa in these screens (Tai et al. 2009; Vaillancourt et al. 2009 ), which is recruited to HCV replication sites and activated by the viral NS5A protein (Reiss et al. 2011 ). This activation is required for the functional integrity of the viral replication organelle (the membranous web) and PI4P levels are increased in HCVinfected cells in tissue culture and in infected livers in vivo (Hsu et al. 2010; Reiss et al. 2011) . Although PI4KIIIa is not required for replication of the related DENV, PI4KIII isoforms appear to be key cellular proteins exploited by several RNA viruses for their replication, and may be candidates for the development of broad-spectrum antivirals targeting essential host cell factors and active against several virus families.
VIRUS MORPHOGENESIS AND RELEASE
Most enveloped viruses acquire their envelope by budding through a cellular membrane. All viral membranes are thus derived from cellular membranes, but may differ from these in protein and lipid content. Budding and release of an infectious virion requires trafficking and assembly of its essential components (genome, inner structural proteins, surface glycoproteins, and accessory components) to the budding site, induction of membrane curvature by the nascent virion and scission of the viral from the cellular membrane. These processes mechanistically resemble the formation of cellular vesicles and make use of cellular components, but are generally orchestrated by viral machinery (Welsch et al. 2007) .
Virus envelopment may occur at the plasma membrane or at internal membranes depending on the virus (Fig. 3A) . Most retro-, paramyxo-, and orthomyxoviruses (including HIV, measles virus, and influenza virus) bud at the plasma membrane, whereas flaviviruses such as DENV bud at the ER membrane, and secondary envelopment of herpesvirus capsids exported from the nucleus occurs at membranes of the TGN or endosomes (Mettenleiter et al. 2009 ). Viruses that bud into the cellular endomembrane system are generally released via the secretory pathway.
Membrane envelopment of viral cores is different for Vaccinia virus, in which the first stage of virion assembly comprises a crescent-shaped membrane precursor whose identity and origin has been the subject of long-standing discussion. Recent analyses using deep-etch microscopy as well as cryo electron microscopy and tomography indicated that these crescents are
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HCV also shows an unusual pathway of virion morphogenesis that is tightly linked to lipid biosynthesis. The virus presumably buds at the ER membrane, but makes use of a specialized export route. Infectious HCV particles from patient plasma have an unexpectedly low density because of their association with hostderived apolipoproteins and lipids (André et al. 2002) . Treatment with lipoprotein lipase inhibits HCV infectivity confirming that lipoproteins are important for infectivity (Andreo et al. 2007) , and infectious HCV is therefore considered a "lipo-viro-particle" (LVP) (Fig.  3A) (André et al. 2005 ). The association with cellular lipoproteins appears to occur during HCV morphogenesis, which depends on components of the very low-density lipoprotein (VLDL) pathway (Huang et al. 2007; Syed et al. 2010; Bartenschlager et al. 2011 ). This conclusion is supported by the recent analysis of the HCV lipid composition (see below). Importantly, HCV core protein is specifically recruited to and associates with cytosolic lipid droplets (LD) that are thought to serve as assembly platform (Miyanari et al. 2007; Shavinskaya et al. 2007 ). Transfer of core to the lipid droplet has recently been shown to require diacylglycerol acyltransferase I, which serves as essential host factor for HCV morphogenesis (Herker et al. 2010) . As in other flaviviruses, HCV genome replication at the membranous web, virus assembly and budding into the ER are tightly coupled processes, where the replicated viral genomes must associate with LD-associated core proteins for production of virus progeny. It is currently not clear, however, whether this involves transfer of replicated viral genomes to the core protein or-vice versa-transfer of HCV core from LD to the site of genome replication (Bartenschlager et al. 2011) . It is assumed that the assembled nucleocapsid subsequently buds at the ER membrane, where it may associate with lumenal lipid droplets, which are precursors of VLDL, thus yielding HCV release via the VLDL pathway.
Induction of Membrane Curvature in Virus Budding
All budding processes require the generation of membrane curvature, which may be achieved by different mechanisms. These include the insertion of wedge-shaped lipid molecules or of shallow hydrophobic protein regions into the membrane and the formation of membrane scaffolds on the outer or inner membrane leaflet (Fig. 3B) . In most cellular vesicles, curvature is generated by assembling a protein coat on the cytoplasmic face of the membrane (see Frolov et al. 2011) or by assembling a protein lattice at the neck of the nascent bud. Viruses cannot make use of cellular coats because the topology of their budding (away from the cytoplasm) is opposite to that of most cellular vesiculation processes. A notable exception is vesicle formation at the multivesicular body (MVB), and it is thus not surprising that many enveloped viruses have hijacked part of the ESCRT (endosomal sorting complex required for transport) machinery involved in this process (see below).
Depending on the topology of the assembly machinery viruses can be grouped into different classes (Fig. 3C) . In one group, budding is driven by assembly of the membrane glycoproteins on the surface of the nascent bud, similar to the action of cellular coat proteins, but on the other side of the membrane ("pulling force"). Examples are the HA protein of influenza virus Chen and Lamb 2008) and the surface glycoproteins of the flavivirus tick borne encephalitis virus and of hepatitis B virus (HBV) (Allison et al. 1995; Vennema et al. 1996) . Expression of these glycoproteins leads to release of subviral particles even in the absence of other viral components. In a second group of viruses, budding is driven by the inner structural proteins exerting a "pushing force" to deform the membrane. The most prominent example are retroviruses including HIV, in which expression of only the Gag protein is sufficient for assembly and release of virus-like particles (VLP) resembling the immature virion (Gheysen et al. 1989; Bieniasz 2009) . It is likely that Gag lattice formation at the membrane and lipid interactions provide the energy for membrane bending, thus wrapping the plasma membrane around the nascent virion. VLP release was also observed on expression of matrix proteins of several other viruses suggesting that curvature induction is also facilitated by the inner structural proteins in these cases (reviewed in Welsch et al. 2007; Kozlov et al. 2010 ). Alphaviruses including SFV provide an example, in which both the surface glycoproteins and the nucleocapsid form a regular protein lattice contributing to virus budding, and the induction of curvature occurs by their concerted action on both sides of the membrane (Garoff et al. 2004 ).
Association of Viral Components with Membranes and Membrane Microdomains
Although viral membrane glycoproteins are, as a rule, cotranslationally inserted into the ER membrane (Doms et al. 1993) , the inner structural proteins involved in viral nucleocapsid formation generally lack membrane-spanning domains. Their recruitment to the budding membrane may be facilitated by specific membrane targeting and retention signals and/or by interaction with trans-membrane components of the virus through recognition signals in the cytoplasmic domain of the viral glycoproteins. Congregation of viral components at the budding membrane may be facilitated by their cosorting into the same membrane microdomain. A specific interaction of transmembrane proteins and viral capsid proteins or preassembled nucleocapsids leading to their recruitment to the respective budding regions has been observed, for example, herpesviruses, HBV, and some retroviruses (Wilk et al. 2001; Sfakianos and Hunter 2003; Mettenleiter et al. 2009; Patient et al. 2009 ). In these cases, virus envelopment and release are completely dependent on the viral glycoproteins, whereas assembly of the viral nucleocapsid is not.
Many viruses have been suggested to bud from raft-like membrane microdomains based on their lipid composition (see below) and the incorporation of raft-associated proteins into the virion (reviewed in Ono 2010; Waheed and Freed 2010) . Association with membrane microdomains serves to concentrate and partition viral components, while reducing or excluding host cell membrane proteins. Lipid rafts are small, short-lived sterol-and sphingolipid-rich domains with a l o membrane structure and an estimated diameter on the order of 10 -50 nm (see Simons and Sampaio 2011) . They are thus much smaller than viral envelopes. Accordingly, virus formation is unlikely to occur from a single raft, and raft-dependent viruses have to organize their membrane either by recruitment and coalescence of pre-existing small rafts into larger microdomains or by de novo assembly of a microdomain.
The Gag protein of HIV is targeted to the host cell plasma membrane with subsequent sorting into detergent-resistant microdomains; budding is cholesterol-and sphingolipiddependent and the virus is enriched in raftassociated proteins and lipids. These data and the copatching of HIV proteins with GM1 on incubation with labeled cholera toxin suggest that acquisition of the viral envelope at the plasma membrane involves the clustering of rafts. Plasma membrane targeting of HIV Gag requires myristoylation and a basic patch in its amino-terminal MA (matrix) domain. Mutation of the myristoylation signal led to a loss of membrane targeting and virus release, whereas mutation or deletion of basic residues caused retargeting of the budding process to ER (Fäcke et al. 1993) or endosomal membranes (Ono et al. 2000) , suggesting that the latter signal is responsible for plasma membrane specificity. Correct HIV Gag targeting further depends on the plasma membrane specific phosphoinositide phosphatidyl inositol (4,5) bisphosphate (PI(4,5)P 2 ), with depletion or delocalization of PI(4,5)P 2 causing a severe reduction of HIV budding and loss or redirection of Gag membrane targeting, respectively (Ono et al. 2004) . Gag plasma membrane binding thus is mediated by the combined effects of (1) membrane insertion of its amino-terminal myristic acid (initially sequestered in a hydrophobic pocket and only exposed on membrane binding); (2) electrostatic interactions with acidic phosphoplipids (which are strongly enriched in the HIV lipidome, see below); and (3) specific recognition of PI(4,5)P 2 (Fig. 4) . Acylation of viral structural proteins has been found for many other viral matrix proteins (lining the inner leaflet of the virion membrane). Given that the binding energy of a myristoyl group is insufficient to stably link a protein to a lipid bilayer, acylation is likely to be necessary but not sufficient in these cases as well. PI(4,5)P 2 is also important for the release of the retrovirus Mason-Pfizer monkey virus, and it will be important to determine its role in membrane targeting and budding of other plasma-membrane-associated viruses.
Structural analysis of the HIV MA domain in complex with a truncated derivative of PI(4,5)P 2 unraveled the mode of the proteinlipid interaction, and also suggested a model how HIV acquires its specific lipid composition (Saad et al. 2006) . PI(4,5)P 2 adopts an unusual conformation, in which the inositol head group and 2 0 -fatty acid bind to a hydrophobic cleft of MA, and the 1 0 -fatty acid and exposed myristoyl group bracket a conserved basic surface patch previously implicated in membrane binding (Saad et al. 2006 ). These findings indicate that PI(4,5)P 2 acts as both a trigger of the myristyl switch and as a membrane anchor. Exposure and membrane insertion of the saturated myristate group is predicted to occur concomitant with removal of the unsaturated 2 0 acyl group of PI(4,5)P 2 from the membrane (Fig. 4) . These alterations would lead to the presence of two saturated acyl chains instead of the saturated 1 0 and the unsaturated 2 0 acyl group of PI(4,5)P 2 . Given that there are 30 lipid molecules per Gag in the inner leaflet of the virion membrane (Brügger et al. 2006) , this cannot account for the unique lipid composition of HIV, but formation of the immature Gag protein lattice with consequent increase in local concentration of saturated lipids may change the environment to be more conducive for lipids of the l o phase. This suggests that membrane binding, Gag assembly, and lipid sorting may be interdependent and mutually stimulating processes. It appears likely that similar mechanisms also operate in other viruses, but are currently less well understood.
Lipid Composition of Different Viruses
Differences in lipid composition between viral membranes and the cell membranes they are derived from had already been suggested in early studies, indicating lipid sorting in virus release (reviewed in Waheed and Freed 2010) . Aloia et al. (1988 Aloia et al. ( , 1993 showed that the HIV membrane is enriched in SM, PE, PS, PC, and cholesterol with a decreased fluidity when compared with the plasma membrane of the producer cell. Similar increases in membrane order were suggested for influenza virus, whereas the membranes of, for example, VSV and SFV, are suggested to be less ordered (Scheiffele et al. 1999; Blom et al. 2001) . Recent advances in lipid mass spectrometry allow for the first time a comprehensive analysis of the entire lipid composition (the lipidome) of purified viruses including determination of side chains. Several such studies have considerably advanced our knowledge about viral lipid composition, while deficiencies in purification of cellular membranes, and in particular of the plasma membrane, still obscure our view of the process of lipid sorting.
Quantitative analysis of the lipid constituents of HIV revealed a strong enrichment of the raft lipids SM, cholesterol, and plasmalogen-PE with an increase in saturated fatty acids compared to the producer cell. The inner leaflet of the viral membrane was enriched in PS, and the overall lipid composition of HIV strongly resembled that of detergent-resistant membranes isolated from producer cells (Brügger et al. 2006 ). This and the observation that the native HIV membrane shows a l o structure (Lorizate et al. 2009 ) provided direct evidence for its raft-like nature. Comparing the HIV membrane with the plasma membrane of the producer cell further revealed an enrichment of PI(4,5)P 2 in the virus, consistent with the suggested model of Gag membrane binding and organization (Chan et al. 2008, see above) . These investigators further reported an enrichment of cholesterol, ceramide, and glycosphingolipids for both HIV and murine leukemia virus when compared with the host cell plasma membrane, although no difference in sphingolipids was observed.
Quantitative lipidomic analyses were also performed for VSV, SFV, and more recently HCV. Consistent with the finding that SFV and VSV were not raft-associated, their lipidomes showed a close resemblance with each other and with the plasma membrane they were derived from (Kalvodova et al. 2009 ). Blom et al. (2001) analyzed the lipid composition of VSV and influenza virus budded from fibroblasts and observed an enrichment of glycosphingolipids in influenza virus in comparison to VSV, also consistent with the assignment of influenza virus as being raft-associated. A very different picture was observed for HCV, whose lipidome closely resembled that of LDL and VLDL with cholesteryl esters accounting for almost half of the total HCV lipids (Merz et al. 2010) . This is consistent with the described tight link of HCV assembly and release with VLDL synthesis and secretion.
Scission of Viral and Cellular Membranes
Enveloped virus release by scission of the viral and cellular membranes has long been thought to be a spontaneous event. Early experiments with HIV-1 already identified peptide motifs in the structural Gag protein, whose mutation led to arrested late budding structures with ready-made virions remaining stuck at the cell surface through a thin membrane tether (Göttlinger et al. 1991) . Such "late domains" were subsequently identified in many enveloped viruses and shown to interact with the ESCRT machinery. ESCRT has been implicated in topologically similar processes including intralumenal vesicle (ILV) formation at the MVB and midbody formation in cytokinesis. Cellular receptor sorting into MVBs requires the regulated assembly of ESCRT-0 followed by ESCRTs I, II, and III and the vacuolar protein sorting (Vps) 4 complex, whereas enveloped virus release generally requires only a subset of components always including ESCRT-III and Vps4. These two complexes thus appear to constitute the core fission machinery with upstream factors mainly involved in protein sorting and membrane bending. In the case of HIV-1, cryo electron-tomography revealed that the immature extracellular virus consists of a truncated sphere of Gag, whereas variants carrying late domain mutations showed a complete Gag sphere (Carlson et al. 2008) . These results suggested an active role of ESCRT in virion release causing ESCRT dependent virus egress before Gag assembly is completed, possibly acting when the bud neck has achieved a suitable diameter.
ESCRT-III and Vps4 are critical for the release of all ESCRT-dependent viruses. Prior to recruitment, ESCRT-III proteins are autoinhibited in the cytosol and activation is required for membrane targeting and lattice polymerization. Polymerization is a general feature of all ESCRT-III proteins, but appears to be restricted to the bud neck, consistent with their exclusion from the vesicle. Several models for ESCRT-III mediated membrane scission have been proposed based on available structural information and in vitro vesiculation experiments. All models suggest ESCRT-III polymer-dependent membrane constriction on the inside of the bud neck leading to membrane scission; in one model this is mediated by coiling of polymeric filaments and in the other by formation of a cone-shaped polymer scaffold or "dome" (Fig. 5) . Given that CHMP4 can form filamentous polymers that induce membrane deformation and tubulation (Hanson et al. 2008 ) the first model suggests that such filaments may grow into a circular structure at the membrane with their sequential constriction mediating
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Cite this article as Cold Spring Harb Perspect Biol 2011;3:a004820 scission. This may occur by sliding of one end of the filament over the other with consecutive sliding steps leading to narrowing of the bud radius provided that lipid diffusion across the filament barrier is inhibited ("spiral constriction"). A variant of the sliding model suggests sequential Vps4-mediated removal of CHMP4 subunits from the polymeric filament with consequent bud constriction; the ATPase activity of Vps4 would provide the required energy in this case ("purse-string"). However, Vps4 is not required for vesicle abscission in vitro (Wollert and Hurley 2010) . The second model is based on the observation that polymers of CHMP2A and CHMP3 form cone-shaped structures binding to lipids on their convex surface, and suggests that such structures can form a scaffold for narrowing the bud neck (Lata et al. 2008) . Modeling studies indicated two quasi-equilibrium states for the prefission state of such structures showing either a wide ( 25 nm) or a narrow ( 3 nm) neck (Fabrikant et al. 2009 ). For a certain CHMP-membrane affinity, the narrow neck becomes energetically favorable and would undergo spontaneous fission. The membrane neck would thus be held under stress, which is relieved on scission with sudden release of membrane stress by Vps4-mediated disassembly of the ESCRT-III lattice possibly accelerating fission. This is consistent with Vps4 not being essential for membrane scission in vitro, but suggests that it may be functionally important for the scission process in vivo. Interestingly, a recent fluorescence microscopy A single ESCRT-III filament (red) with asymmetric ends (blue/green) is used to delineate and later constrict the neck of an evolving vesicle. Vps4 is proposed to disassemble the filament from one end to constrict the string, but Vps4-independent sliding may also achieve this constriction. (B) "Spiral constriction" model based on data from Lata et al. (2008) . A growing ESCRT-III spiral surrounds and eventually constricts a cargo-containing membrane domain, forcing cargo at the center into an evolving vesicle. Membrane scission has been suggested to be mediated by membrane adhesion on a dome-like protein scaffold formed by the ESCRT-III complex (Fabrikant et al. 2009). study revealed recruitment of Vps4 complexes to nascent HIV-1 budding sites prior to virion release (Baumgärtel et al., submitted), indicating an active contribution of Vps4 to virus membrane scission beyond recycling of ESCRT components.
ESCRT-dependence of enveloped virus release is generally assumed if late domains are present in viral structural proteins and if virus release is inhibited by dominant negative Vps4, although the latter may also act indirectly. ESCRT components clearly have an important role in the release of many, but certainly not all enveloped viruses. Important exceptions are the herpesvirus human cytomegalovirus (Fraile-Ramos et al. 2007 ), human influenza virus (Chen and Lamb 2008) , and respiratory syncytial virus (Utley et al. 2008) . These viruses may recruit alternative cellular machinery or employ viral proteins mediating membrane scission. A recent study revealed that the influenza virus M2 protein contains an amphipathic helix that is necessary and sufficient for vesiculation in vitro and for influenza virus budding in tissue culture (Rossman et al. 2010a,b) . M2 is a trans-membrane protein that forms a homotetramer with proton-selective ion channel activitiy in the virion membrane. Rossman et al. (2010b) showed that M2 binds to low cholesterol (l d ) membrane regions inducing positive curvature, and preferentially sorts to the phase boundary of phase-separated vesicles causing extrusion of the l o domain, dependent on the presence of the amphipathic helix. Furthermore, M2 localizes to the neck of influenza virus buds in virus-producing cells and mutation of its amphipathic helix leads to late budding arrest similar to late domain mutations in other enveloped viruses. These results suggest that M2 serves an analogous function as the ESCRT-III/Vps4 complex in other viruses, but by a completely different mechanism. The influenza virus membrane is enriched in cholesterol and is likely to be more l o than the surrounding plasma membrane, creating line tension at the phase boundary demarcating the viral bud (Kozlov 2010 ). M2 appears to specifically sort to this phase boundary and may modulate line tension by membrane interaction of its amphipathic helices. This suggests the following model: the influenza surface protein HA induces membrane bending (Chen and Lamb 2008) and recruits the matrix protein M1, which in turn recruits the M2 tetramer. M2 preferentially sorts to the phase boundary of phase-separated membranes, which leads to its concentration at the bud neck and promotes membrane scission and virus release.
CONCLUDING REMARKS
Lipids have long been known as structural elements of viral and cellular membranes, but recent studies revealed their involvement in the intricate virus-cell interaction in many more ways. Thus, lipids have been shown to play a role at various stages in viral replication, including entry, uncoating, genome replication, assembly, and release. Technical advances in lipid identification and quantitation, in lipid imaging and concerning the knockdown of factors involved in lipid metabolism made this progress possible and paved the ground for future detailed analyses of lipid involvement in viral replication. Given the high number of very recent advances published in 2009 and 2010, it is easy to predict that this area of research is only in its infancy and many more exciting discoveries lie ahead. Understanding the manifold roles of lipids in viral replication also led to the discovery of lipid-active compounds as potential antivirals, but current compounds largely lack specificity and are thus unacceptably toxic. Exploiting specific lipid requirements of individual pathogens or whole virus groups and delineating the intricate interactions of these pathogens with cellular lipids and the modification of their respective metabolism may, however, provide new approaches for antiviral therapies in the future.
